Sodium and diffusion magnetic resonance imaging (MRI) in intracranial rat 9L gliomas were evaluated over 6-8 days using the advanced sensitivity of sodium MRI at 21.1 T. Glioma doubling time was 2.4-2.6 days. Glioma sodium signal was detected using the ultra-short echo time of 0.15 ms. The high resolution 3D sodium MRI with pixels of 0.125 mL allowed for minimizing a partial volume effect often relevant to the MRI of low intensity signals. Tumor sodium and diffusion MRI were evaluated for two separate subclones of 9L cells with different resistance to 1,3-bis(2-chloroethyl)-1-nitrosurea detected by pre-surgery assays. In vivo, after implantation, resistant 9L cells created tumors with significantly reduced sodium concentrations (57 6 3 mM) compared with nonresistant 9L cells (78 6 3 mM). The corresponding differences in diffusion were less, but also statistically significant. During tumor progression, an increase of glioma sodium concentration was observed in both cell types with a rate of 2.4-5.8 %/day relative to normal brain. Tumor diffusion was not significantly changed at this time, indicative of no alterations in glioma cellularity. Thus, changes in sodium during tumor progression reflect increasing intracellular sodium concentration and mounting metabolic stress. These experiments also demonstrate an enhanced sensitivity of sodium MRI to reflect tumor cell resistance.
INTRODUCTION
Sodium magnetic resonance imaging (MRI) provides an independent window for in vivo processes taking place within tumors. Although diffusion is gaining recognition as a tumor biomarker (1-4) the value of sodium MRI has yet to be established. The development of high field MRI scanners and short echo time imaging are the major advances allowing the difficulties relevant to sodium MRI to be overcome. Such progress makes sodium MRI both feasible and attractive as a method to investigate functional changes, especially in tumors (5) (6) (7) (8) (9) (10) (11) . The recent imaging probe development allows for performing both sodium and water diffusion MRI of rats at the ultra high magnetic field of 21.1 T (12), thereby providing advanced capability for investigating the unique role of sodium homeostasis during cancer progression.
Sodium has great potential for the MRI of cancer. It is well known that a variety of ion movements are involved in the progression of apoptosis, a natural mechanism of cell self-elimination and a goal of many tumor therapies. Sodium, as part of this ion modulation and being visible through modern MRI, can convey valuable insights to apoptosis.
An increased sodium signal, often observed in gliomas (8, (13) (14) (15) , may be an indicator of the very early stages in mitochondrial malfunction and early signs of apoptosis. In contrast, maintenance of intracellular sodium concentrations may inhibit apoptosis (16) (17) (18) . Further, sodium may serve as a marker of cell activity directed to augment tumor cell proliferation, which can be accompanied by an excessive release of glutamate during glioma invasion (19, 20) .
Treatment of glioma, like many rapidly proliferating tumors, can be impaired by the development of drug resistance. In this work, we have examined the capability of in vivo sodium and diffusion MRI to reflect cellular alterations in resistivity and serve as a biomarker for drug resistance in the future.
Sodium alterations in untreated tumors have been previously detected (13, 15, (21) (22) (23) (24) (25) . Weak sodium magnetic resonance (MR) signals usually observed in vivo dictate selecting a low resolution matrix for sodium imaging. Consequently, for tumors either growing or shrinking, it is difficult to separate what part of the observed changes in the sodium signal are real and what part are due to a partial volume (PV) effect. At the low matrix size of 64 data points or less, the amount of pixels per tumor could be very low and the MR signal from the tumor could be significantly below the real values. For example, in the case of an acquisition matrix size of 64 and lesion size $ 0.1 of field of view (FOV), the tumor itself will be represented by only six pixels. As a result, the MR intensity could be up to 38% below the maximum. It is important to note that this PV contribution will be changing nonlinearly during tumor growth or shrinking. Thus, advanced MR sensitivity, provided by high magnetic fields, is needed to overcome this problem. In this study, high resolution sodium MRI with a pixel size of 0.125 mL and matrix of 128 data points was implemented.
During data processing, a three dimensional modeling of lesion size was used to correct the remaining PV effect.
The other important feature of sodium MRI is that sodium MR signals in vivo are heterogeneous, and the free induction decay (FID) has a short time component of $2 ms (26, 27) . The use of MRI with a large echo time of $1 ms in previous experiments was not sufficient to detect a total sodium signal (23) . A very short echo time of 0.15 ms and short readout (RO) time of 2.1 ms were used in this study, which allowed for detecting all sodium signals from the glioma.
The increased sensitivity to sodium achieved by using a record high magnetic field of 21.1 T (28) together with a very short echo and RO time for sodium detection provide the potential for an unbiased evaluation of sodium in glioma.
METHODS

9L Glioma Cell Culture
Subcultures of rat 9L glioma cells were expanded in plastic flasks (75 cm 2 ) with Dulbecco/Vogt modified Eagle's minimal essential medium (DMEM) medium (Sigma Chemical Co., St Louis, MO), supplemented with 2 mM L-glutamine, 100 mg/mL gentamicin, 0.1% penicilline/streptomycin and 10% inactivated fetal bovine serum (complete medium). The cultures were incubated at 37 C in an atmosphere containing 5% CO 2 . Immediately before implantation surgery, cells were harvested with 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid and live cells counted using a hemocytometer and trypan blue staining. Cells were then pelleted by centrifugation and resuspended in prewarmed serum free DMEM.
In Vitro Assay of 9L Cell Culture
Responsiveness of 9L cell subcultures in vitro to 1,3-bis(2-chloroethyl)-1-nitrosurea (BCNU) was determined using the In Vitro Toxicology Assay Kit (Sigma-Aldrich TOX-6) based on the sulforhodamine blue (SRB) method for monitoring cell viability. Briefly, 9L cells were plated in 96 well plates in triplicate at a density of 1 Â 10 5 cells/mL and treated for 72 h by BCNU using the range of concentrations from 0 to 150 mM. After 72 h, cells were fixed by adding 50 mL of ice cold 100% trichloroacetic acid per well for 1 h at 4 C. The plates were then rinsed, air dried and incubated with 100 mL of 0.4% sulforhodamine blue for 30 min. The plates were then washed with 1% acetic acid and air dried overnight. The incorporated dye was then solubilized with the addition of 200 mL of 10-mM Tris buffer per well. Absorbance was read on a BioRad Benchmark Microplate reader at 490-530 nm to characterize a concentration of protein.
The results of tumor cell viability with different BCNU concentrations were fitted to an exponential function y ¼ m1 þ m2*exp(Àc/m3). In this function ''y'' represents a concentration of 9L cells which was achieved after 72 h of incubation in the presence of BCNU given by concentration ''c." In the plot, a protein concentration without BCNU was normalized to 100%.
Intracranial Implantation of 9L Cells
All animal procedures have been approved by the Florida State University Animal Care and Use Committee. Male Fisher rats weighing $150 g were obtained from Charles River Laboratories (Wilmington, MA). Rats were anesthetized with isoflurane and fitted to a stereotaxic apparatus before receiving a 1-cm midline incision over the skull. A 1-mm burr hole was then made in the skull 2 mm anterior to bregma and 2.5 mm lateral to midline (right). This burr hole was used to deliver 100,000 9L resistant or nonresistant glioma cells in 10-mL serum free DMEM via a sterile Hamilton syringe to a depth of 3.5 mm. Following slow removal of the syringe, the burr hole was immediately sealed with bone wax and sutures (Prolene 5-0) were used to close the incision.
MRI
Eleven days after tumor implantation, animals were anesthetized with isoflurane and MRI experiments were conducted at the 21.1 T MRI scanner using a double tuned radio frequency probe with proton/sodium frequency ¼ 900/237 MHz. Both proton and sodium coils comprised the volume coils and had a low pass bird cage design with ID of 33 mm and length of 55 mm. Animals were placed inside the radio frequency coil using a solid bite bar, which was also used to deliver the anesthetic gas. The position of animal was adjusted to have the tumor at the center of the coil where the radio frequency field is the most homogeneous. The temperature inside the magnet bore was controlled to 26 C and the animals were, additionally, covered by a thick paper blanket to facilitate animal temperature control while under anesthesia. Bruker Avance III console (PV 5.0 software) and gradient coils (RR Inc, ID ¼ 64 mm) with GREAT60 amplifiers allowed gradients up to 0.6 T/m. Sodium 3D back-projection (BP) MRI scans had a resolution of 0.5 Â 0.5 Â 0.5 mm, FOV ¼ 64 mm and acquisition matrix of 128 Â 180 Â 90. The MRI pulse sequence was a modification of the ultra short echo time 2D pulse sequence provided by Bruker Paravison software 5.0. The RO direction was rotated first in one plane using steps of 2 and 180 increments, and then the plane was rotated using the same steps of 2 and 90 increments. Spectral width for MRI was selected to be 30 KHz, which permitted a minimum delay for sodium FID detection of $0.15 ms and a short RO time of 2.1 ms. This sodium MRI setting permitted detection of virtually all sodium in the tumor, including bound intracellular sodium. Repetition time (TR) ¼ 100 ms was chosen to minimize MR saturations of the in vivo sodium signals from the rodent brain having T 1 $39 ms (28), and, as a result, the sodium scan time was 27 min.
The diffusion spin-echo pulse sequence had 3D diffusion gradients applied simultaneously in all three directions x, y, and z (29, 30) . Two ''b'' values were used for diffusion mapping of 100 and 1000 s/mm 2 . The value ''b'' ¼ 0 was avoided to minimize contributions from perfusion effects. Echo time (TE) was 34 ms and 15 slices were acquired with FOV of 30 Â 30 mm and acquisition matrix of 128 Â 128. Slice thickness (thk) was 0.7 mm and interslice distance was 1 mm. The repetition time for the diffusion scan of 3.75 s was selected to minimize saturation and slow transient changes in hardware. As a result, the duration of the diffusion MRI scan was 16 min.
Motion and flow compensation is a very important aspect for diffusion measurements. Special efforts were applied to reduce its effect. First, special shapes of diffusion gradients were selected to minimize flow artifacts (29, 30) . Second, a BP acquisition mode was implemented during diffusion MRI. In this case, the phase of each echo was used for additional motion/flow compensation by post processing.
Both sodium and diffusion MRI were performed on the same rat without repositioning the animal. This allowed for minimization of the total scan time and quality improvement of image coregistration. It also minimized the time between sodium and diffusion scans. The measurements of sodium and diffusion were presented in percent relative to a normal contralateral part of the brain, where the apparent diffusion coefficient (ADC) is $0.78 Â 10 À3 mm 2 /s (15) and sodium concentration is $45 mM (13, 31) . The average tumor volume (Tv) values were nonlinear fitted by function Tv ¼ a1* (2) time/a2 , where a1 is initial tumor volume and a2 represents doubling time. The results of sodium concentration at all time points for all tumors were corrected for PV effect according to the growing tumor volume and procedure described in section ''Evaluation of Partial Volume Effect" presented below. A base line correction was a part of image processing, which was performed using Matlab 7.11 and Analyze 10. All errors were presented as a standard deviation (SD) of the mean from multiple slices for sodium and diffusion MRI.
RESULTS
9L Cell In Vitro Characterization
9L cells have a natural capability for changes during cell handling. Two types of tumor 9L cells were selected for implantation having two different resistances to BCNU. The assays of these two subclones (Fig. 1) performed before cell implantation in animals show the difference of in vitro viability in the presence of increasing concentrations of BCNU. The differences for all data points are statistically significant (P < 0.007). The function y ¼ m1 þ m2*exp(Àc/m3) was used to characterize the curves shown in Fig. 1 with fitting parameters and their errors presented in Table 1 . The naïve 9L subclone (the original type of 9L cells) had a 17.2% survival rate after 72 h of incubation with BCNU (n ¼ 6), while the other subculture (derived from naïve) was significantly more resistant to BCNU (n ¼ 3). There was also a large difference between these two cell lines in sensitivity at low concentrations of BCNU. Naïve cells displayed rapid population decay such that 19.1 mM of BCNU can decrease cell density 2.7 times, while for the resistant subculture it is necessary to have a BCNU concentration of 31.2 mM to reach the same effect (Table 1) .
MRI
Examples of sodium MRI and proton diffusion maps of rat glioma can be seen in Fig. 2 , which illustrates the images acquired using the current protocol for the implanted tumors and derived from the naïve subculture. The images show the tumor as areas with sharply elevated sodium intensity or increased diffusion relative to a normal rat brain. The region of the tumor on the sodium image and diffusion map was selected automatically by Analyze software on the level of 0.6 of the difference between the tumor values and the surrounding normal brain. The increased ADC values at the low part of the brain are the result of nonideal local motion compensation in that part of the brain.
Results of the sodium and diffusion in vivo MRI for both types of 9L cells at 11 days after tumor implantation, are presented in Fig. 3 (n ¼ 5 for each group). The tumor created by naïve 9L cells had a sodium concentration of FIG. 1. In vitro assays for two types of low passage 9L cells selected for implantation. The amount of cells capable of surviving 72-h cultivation in BCNU containing media decreases with an increase of BCNU concentration. Naïve type (l, n ¼ 3) 9L cells are more sensitive to the chemotherapeutic agent concentration than their resistant counterpart (~, n ¼ 6). The differences for all data points are statistically significant (P < 0.007). Error bars represent SDs. The amount of cells at the beginning of cultivation was normalized to 100%. The fitting parameters for the curves are given in Table 1 . 173.4 6 6.5% (SD) relative to the normal brain, whereas the resistant group had a sodium concentration of only 126.7 6 7.5% (SD) (P < 0.001). The values of sodium concentration were corrected for PV effect. Diffusion values in both tumors were also statistically different (P ¼ 0.012). The tumor produced from naïve 9L cells had a diffusion of 150.9 6 5.7% (SD) relative to the normal brain while tumors derived from resistant 9L cells had the corresponding value of 140.1 6 4.8% (SD). The time course of the tumor sodium concentration and diffusion for tumors formed by the naïve group of 9L cells is given in Fig. 4 (n ¼ 3) . The time scale on the figure was given from tumor implantation. It is noticeable that the sodium concentration in the tumor was steadily increasing over time. The fit of changes by linear function yielded a rate of increase of 2.4 6 0.6% (SD) per day (R 2 ¼ 0.964). The contralateral area (normal brain) was determined for each slice representing the tumor. It was a freehand area approximately matching the tumor size or less according to the available brain space on the slice. There were practically no changes in diffusion at the same time. The linear function fit gives the rate of only 1.4 6 0.5% (SD) per day (R 2 ¼ 0.867). The corresponding time course of tumor sodium concentration and diffusion from the resistant glioma cells is given in Fig. 5 . Again, there is almost no change in diffusion; the fit by linear function of the changes in tumor diffusion gives a rate of 1.2 6 0.8% (SD) per day (R 2 ¼ 0.715). The corresponding linear fit of sodium concentration in the tumor gives a rate of increase of 5.8 6 0.8% (SD) per day (R 2 ¼ 0.986). A minor but nonsignificant increase of sodium concentration in contralateral brain was seen at this time while there were no corresponding changes in diffusion here.
In a few cases, both sodium and diffusion images revealed a development of necrosis in the tumor interior after day 18 postimplantation. Within these necrotic areas, a 300% increase in total sodium was observed. In addition, diffusion at the same place was also increased to 230% relative to the normal contralateral brain.
Evaluation of PV Effect
The contribution of the PV effect is relevant to any MRI with low resolution. The drop in intensity is almost always present during imaging of the weak MR signals. In this case, due to the low sensitivity, very often a small acquisition matrix is selected down to 32 Â 32 Â 32. In addition, this eventually leads to a low number of pixels covering the lesion. As a result, a decreased MR signal intensity is usually detected from the lesion relative to the surrounding areas. Most importantly, the level of these changes is dependent on the size of the tumor lesion. In this study, the time courses of tumor volumes are presented in It is important to note that sodium MRI is more sensitive to changes in glioma resistance.
The current experiments were performed with the kspace matrix of np ¼ 128. Such imaging dimension increases amount of pixels for the lesion and minimizes the PV effect but it is still present (Fig. 7) . The 3D modeling was performed in Matlab to evaluate this remaining PV effect in our experiments. The lesion was modeled by sphere with the diameter changing from 1 to 64 mm or to the size of FOV. The reference for 100% was obtained using the maximum spherical lesion size inside the k-space points of 128 Â 128 Â 128.
Additional contribution to PV effect may occur due to the decay of the FID during RO time. For evaluation of this effect, a reasonable biexponential function was selected to represent sodium MR signal decay: F ¼ p1*exp(Àn/(SW*T 2a )) þ p2*exp(Àn/(SW*T 2b ). Here, p1 ¼ 0.3 and p2 ¼ 0.7 represent relative amplitudes of the fast and slow components of the FID, 1/SW is time increment during FID acquisition (in our case it was 33 ms), n is a current number of the FID point, the relaxation parameters were T 2a ¼ 2 ms and T 2b ¼ 15 ms. The decay function F was applied along each RO direction in kspace, the results later were regridded in Matlab before FT processing. The effect of biexponential FID is presented on Fig. 7 by the dotted line.
It is important to keep in mind, that the PV effect corrections need to be applied to the difference in intensity between lesion and the surrounding areas. A contribution from the PV effect is more noticeable for small lesions. The four times increase of lesion volume from V ¼ 17 mL (diameter ¼ 3.2 mm) up to V ¼ 100 mL (diameter ¼ 5.8 mm) will have PV corrections ranging from 60 to 80% (Fig. 7) . Note that all values are below 100%, The time scale on the figure was given from tumor implantation. Sodium and diffusion in the tumor are presented as percent relative to the normal contralateral part of the brain (~). The reference (100%) was the average of all sodium or diffusion data through the time course. All points are given as mean 6 SD. Linear fit of sodium and diffusion data for the tumor gave a sodium increase in time at a rate of 5.8 6 0.8% (SD) per day and almost no change in diffusion (1.2 6 0.8% (SD) per day). Curves for normal brain and diffusion in glioma were created by smooth function.
which can be important for absolute quantifications. Correction values applied to the tumor intensity relative to the surrounding area will give the rate of sodium concentration increase of 2.4 6 0.6% (SD) per day. Without corrections, this rate would have been 4.3 6 0.6% (SD) per day. For the resistant cell, the tumor volume was changing from V ¼ 100 mL (diameter ¼ 5.8 mm) to 380 mL (diameter ¼ 9 mm), the PV effect would be changed from 80 to 88%. A larger tumor volume and a smaller difference of tumor sodium concentration relative to surrounding areas both were affecting the results of corrections. The corrected rate of sodium concentration increase is 5.8 6 0.8% (SD) per day, without corrections it would have been only 5.7 6 0.7% per day.
The above corrections were performed for an acquisition matrix of 128 Â 128 Â 128. However, for a smaller amount of voxels per lesion volume, the PV effect could be much more pronounced. The nonlinear contributions of the PV effect relevant to the tumor size were corrected separately for each time point of tumor growth. Because of the assumptions in selecting of the biexponential function, the additional corrections for the possible biexponential FID were not applied, but its effect was incorporated into the model for illustration.
DISCUSSION
This study demonstrates the differences between sodium and diffusion MRI in rat 9L glioma cells implanted intracranially and imaged in vivo. It is difficult to accept without reservations that the increased diffusion and sodium contents in tumors are due solely to the microstructural changes and increased extracellular space. The results demonstrate that changes in glioma sodium and diffusion can be independent, and thus could have different origins. A confirmation of independence between sodium and diffusion in tumors can be seen in the values of diffusion and sodium in subcutaneous tumors. For example, diffusion in subcutaneous 9L tumors (32) is much less than in the surrounding normal areas; while in glioma, the diffusion is usually above the values of a normal brain. However, sodium concentration in a tumor is usually above the normal values of nearby tissue for both subcutaneous and intracranial tumors. Thus, it is becoming more apparent that sodium reflects changes in tumor cells beyond the possible variations of their extracellular spaces.
The types of 9L cells used in the present study have different BCNU response profiles in the sulforhodamine blue assay even though these cells had a limited passage number and neither was subjected to any chemotherapeutic challenges. This is not surprising as it has already been shown that cultures with multiple passages can be distinct from the original tumor (33, 34) . Consistent with these reports, our earlier unpublished observations have shown that changes associated with increased passage number in 9L cells have a dramatic impact on MRI results such that high passage cells in vivo yield a dramatically decreased sodium concentration and diffusion in tumor tissue compared with the low passage tumors. However, there is no linear dependence on the number of passages. This study gives an example of cell alterations which could be observed even for low passage cancer cells and the capability to detect such changes with sulforhodamine blue assays and MRI.
In response to this situation, it is our practice to work with a cell passage number below 5 and to characterize the cells based on their viability in the presence of increasing concentrations of BCNU immediately before intracranial implantation.
The very important observation in this study is that two groups of 9L cells with different resistance to BCNU in vitro create two different types of tumors. The difference between them was not only detected but statistically significant for both sodium (P < 0.001) and diffusion (P < 0.012) MRI. The observed difference is especially dramatic for sodium MRI. Sodium concentration in naïve glioma was 78 6 3 mM and for resistant glioma it was 57 6 3 mM. With tumor progression, tumor sodium concentration was increasing with a constant rate and showed no dependence on tumor size. Both tumors were growing at this time and their volumes increased more than three times. The doubling time of 2.6 days for the tumor from naïve 9L cells and 2.4 days for the tumor from resistant type cells found in this study are comparable with the results of others (35) .
Unchanging diffusion during 9L rodent glioma growth suggests that there are no structural variations in tumor cellularity. Thus, the observed increase of sodium within a tumor is a result of intracellular sodium increase in tumor cells. It can be assumed that tumor intracellular volume is 75% of the total and remains static. Thus, for the normal brain sodium content of $45 mM, the observed $5.8% increase of sodium signal in glioma represents an intracellular sodium increase in the tumor of $3.4 mM/ day. It is much more than the value observed earlier of 1.6 mM/day (15) . However, the previous data was acquired with a large echo time of $0.5 ms, thus it was not a total sodium signal and the low size acquisition matrix of 32 Â 32 Â 32 could have a large contribution from the PV effect. The observed rising of intracellular sodium concentration in glioma cells tends to take place once the tumor starts growing.
Although an increase in blood supply to the tumor may contribute to the sodium content in the tumor, it is usually small (36) . From estimation, a 50% increase of glioma sodium concentration relative to normal brain would require an increase of blood vessel volume $16%, which is far above the few percentage points expected due to an increase in the blood vessel growth.
Many cancer cells have a deficit of adenosine triphosphate (ATP) production (37) . This could be one of the reasons that tumors have an increased sodium concentration. Lactate overproduction is an indicator of increased glycolysis in tumors even during aerobic conditions. It is also a sign of the decreased production of ATP which is needed for the Na/K pump function and active synthesis inside the cell for ongoing cell division. As a result, intracellular sodium may be increasing due to a deficit of ATP. As lactate production tends to correlate with tumor aggressiveness (38) , the increasing intracellular sodium content could be an indicator of growing tumor malignancy. This point of view is supported by X-ray analysis, where an increase in tumor sodium was correlated with tumor malignancy (39, 40) . Increased sodium content was also detected in many other tumors and changes in Na/K ATPase activity may account for these alterations (18) .
There are multiple reports suggesting that the level of ATP can decrease with tumor progression (21, 22, 41, 42) . The observed steady increase of tumor sodium concentration during tumor growth can be a reflection of a changing level in the ATP supply. It is also known that during tumor growth, pH and other metabolic stresses mount (38) , and an increase in glioma sodium concentration could indicate changes which eventually lead to tumor necrosis.
It appears that some cancer cells may compensate for the ATP deficit by having more efficient mitochondria and, consequently, the tumor sodium concentration can have decreased values. The present experiments show a correlation of such changes with an increase in the resistance of cancer cells. New experiments are in progress to investigate this possibility with more detail.
CONCLUSIONS
The results of this study demonstrate that the initial sodium concentration in the tumor could convey important information about the level of drug resistance before tumor therapy. Observation of the tumor sodium concentration indicates that sodium MRI is more sensitive than diffusion in detecting the small modulation in tumor cell resistance. Thus, in practice, sodium MRI contrast of tumors could be a sensitive marker of minor changes in tumor cell resistance. The progression of glioma was accompanied by a steady increase in tumor sodium concentration, revealing an increase of tumor intracellular sodium taking place apparently from the time of tumor implantation. The observed changes of sodium concentration may reflect alterations of tumor cells during growth and the increasing metabolic stress leading to malignancy. The PV effect relevant to MRI of low intensity signals was evaluated and dramatically reduced by modeling and utilizing the advanced sodium MRI sensitivity of the high field of 21.1 T. Sodium and diffusion MRI at 21.1 T are capable of providing accurate results for a single animal and present a unique opportunity for detection and investigation of tumor resistance.
